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S1 Materials and Instruments.
All chemicals were commercially available and used without further purification. IR spectra were 
recorded on a Nicolet-iS50 FT-IR spectrophotometer with KBr pellets in the region of 4000-400 
cm-1. UV-vis absorption spectra were carried out on a Shimadzu UV-2600 spectrometer. The 
powder X-ray diffraction (PXRD) data were collected on a Rigaku SmartLab 9 kW Advance 
diffractionmeter with Cu-Kα radiation (λ=1.5418 Å) at 298 K. Thermogravimetric analysis (TGA) 
and mass spectrum was performed under nitrogen atmosphere on a Netzsch STA 449F5-
QMS403C simultaneous TG/DSC-QMS analyzer with a heating rate of 20 °C/min. N2 and CO2 
adsorption isotherms were measured on a Micromeritics ASAP 2460 system. The sample were 
degassed at 150 °C for 12 h prior to the measurements. SEM-Energy-dispersive X-Ray analysis 
(EDX) Particle morphologies and dimensions were studied with a Thermo Fisher Scientific FIB-
SEM GX4 scanning electron microscope at an accelerating voltage of 20 kV. Valence band X-ray 
photoelectron spectroscopy (VB XPS) was obtained using a Thermo Scientific K-Alpha+ 
spectrometer equipped with a monochromatic Al Kα X-ray source. The electron spin resonance 
(ESR) experiments were carried out at X-band frequency (9.8 GHz) recorded with an electron spin 
resonance spectrometer (EPR-200Plus) at 298 K. Inductively Coupled Plasma-Mass Spectrometry 
(ICP-MS) experiments were performed at ThermoFisher iCAPRQ.

S2 Synthesis of LCU-505.

Synthesis of [Ti2Tb2(μ3-O)2(μ2-η1:η1-CH3COO)2(H2O)4(TATB)8/3]∙(DMF)5∙(H2O)5 (LCU-505): A 
mixture of Ti(OiPr)4 (21.3 mg), TbCl3∙(H2O)6 (16.4 mg), H3TATB (65.8 mg), DMF (3.0 mL), 
acetic acid (1.6 mL) was sealed in a 23.0 mL Teflon-lined stainless-steel container, which was 
heated at 120 ºC for 48 hours to afford cubic crystals embedded in gel-like suspension. The 
crystals were collected by centrifuge, washed thoroughly by fresh DMF, and then dried in air at 
room temperature. Yield > 36 %. IR /cm-1 (KBr): 3412 (br), 2927 (w), 1663 (m), 1561 (m), 1519 
(s), 1355 (w), 1174 (w), 1089 (m), 1016 (m), 835 (s), 777 (w), 700 (w), 682 (w), 597 (w), 515(w). 
Elemental analysis (wt%) for C83H91N13O36Tb2Ti2: exp. C 44.41, H 4.05, N 8.05; calcd. C 44.37, 
H 3.63, N 7.76. 

Table S1 The reported Ti-MOFs with various Ti-O clusters
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Entry Metalcluster/core Ligands Materials Surface area Ref
1 TiO6 H3ondc ZTOF-2 SBET = 1878 m2 g−1 1

2 TiO6 DOBDC NTU-9 2

3 TiO6 DOBDC MIL-167 3

4 TiO6 DOBDC MIL-168 3

5 TiO6 H2Cl2dhbq 1-Ti 4

6 TiO6 H4bdha MUV-11 SBET = 756 m2 g−1 5

7 TiO4(μ2-O)2 H4TBAPy ACM-1 SBET = 1212 m2 g−1 6

8 TiO6(μ2-O) BPDC COK-47 SBET = 573 m2 g−1 7

9 TiO6(μ2-O) BDC COK-47-bdc 7

10 TiO6(μ2-O) BPYRDC COK-47-bpyrdc 7

11 Ti(C2O2)3 THO Ti-CAT-5 SBET = 450 m2 g−1 8

12 Ti2O11 DOBDC MIL-169 3

13 Ti3O BDC Ti-MIL-101 9

14 Ti3(OH)2 BPDC Ti3-BPDC SBET = 636 m2 g−1 10

15 Ti3(μ3-O) H2cdc COK-69 SBET = 29.13 m2 g–1 11

16 Ti3(μ3-O) BTC MIL-100(Ti) SBET = 1321 m2 g−1 12

17 Co2Ti(μ3-O) H3obdc CTOF-1 SBET = 637 m2 g−1 13

18 Co2Ti(μ3-O) BDC CTOF-2 SBET = 618 m2 g−1 13

19 Co2Ti(μ3-O) (COO)6 ABTC PFC-20-Co2Ti 14

20 Ni2Ti(μ3-O) (COO)6 ABTC PFC-20-Ni2Ti 14

21 Mn2Ti(μ3-O) (COO)6 ABTC PFC-20-Mn2Ti 14

22 Co2Ti(μ3-O) BDC TPT Co2Ti-bdc-tpt SBET = 1369.8 m2 g−1 15 

23 Mg2Ti(μ3-O) BDC PTP Mg2Ti-bdc-tpt SBET = 1460.6 m2 g−1 15 

24 Mg2Ti(μ3-O) BDC TPPy Mg2Ti-bdc-tppy SBET = 1599.1 m2 g−1 15

25 Mg2Ti(μ3-O) BDC TPBz Mg2Ti-bdc-tpbz SBET = 1661.7 m2 g−1 15

26 Zn3Ti(μ3-OH) H3obdc ZTOF-1 SBET = 1045 m2 g−1 16

27 Ti2Ca2(μ3-O)2(H2O)4 BTC MUV-10 SBET = 1041 m2 g−1 17

28 Ti2Ca2(μ3-O)2(H2O)4 H3BTB LCU-402 SBET = 1460 m2 g−1 18

29 Ti2Tb2(μ3-O)2(H2O)4 H3TATB LCU-505 SBET = 882.4 m2 g−1 This work

30 Zr6Ti4 H4TBAPy NU-1012 19

31 [Ti5(OAc)2(OH)6]n 5,10,15,20-Tetra(p-

benzoato)

porphyrin (TBP or TCPP)

Ti-TBP SBET = 527.7 m2 g−1 20

32 (Ti6O9)n mdip MIL-177-HT SBET = 690 m2 g−1 21

33 Ti6(μ3-O)6(μ3-OH)6 H3TCA ZSTU-1 SBET = 536 m2 g−1 22

34 Ti6(μ3-O)6(μ3-OH)6 H3BTB ZSTU-2 SBET = 628 m2 g−1 22

35 Ti6(μ3-O)6(μ3-OH)6 H3BTCA ZSTU-3 SBET = 861 m2 g−1 22

36 Ti6O6 4-Aminobenzoate (AB) 

BDA

MOF-901 SBET = 550 m2 g−1 23

37 Ti6O6 AB and BPDA MOF-902 SBET = 400 m2g−1 24

38 Ti7O6 TCPP PCN-22 SBET = 1284 m2 g−1 25

39 Ti8O8 BPDC UCFMOF-2 SBET =354m2 g−1 26

40 Ti8O8 TPDC UCFMOF-3 SBET =1777m2 g−1 26



41 Ti8O8 QPDC UCFMOF-4 SBET =2430m2 g−1 26

42 Ti8O8 TPDC DATP UCFMTV-3-x% 26

43 Ti8O8 QPDC DAQP UCFMTV-4-x% 26

44 Ti8O8(OH)4 H2BDC MIL-125 SBET = 1550 m2 g−1 27

45 Ti8O8(OH)4 NH2-BDC NH2-MIL-125 SBET = 1302 m2 g−1 28

46 Ti8(μ2-O)8(OAC)8 BTC MIP-207 SBET = 570 m2 g−1 29

47 Ti8Zr2O12 BDC PCN-415 SBET = 1550 m2 g−1 30

48 Ti8Zr2O12 NDC PCN-416 SBET = 1337 m2 g−1 30

49 Ti12O15 mdip MIL-177-LT SBET = 730 m2 g−1 21

50 Tin(μ2-O)n TCPP DGIST-1 SBET = 1957.3 m2 g−1 31

Fig. S1 Photographs of single crystals of LCU-505.
S3 Scanning Electron Microscopy (SEM-EDX). 
Particle morphologies, dimensions, and SEM-Energy-dispersive X-Ray analysis (EDX) of LCU-
505 solids were studied with a Thermo Fisher Scientific FIB-SEM GX4 scanning electron 
microscope at an accelerating voltage of 20 kV. Mapping of LCU-505 showing Ti (roseo) and Tb 
(green) confirms that element distribution is homogeneous.

Fig. S2 Scanning Electron Microscopy (SEM) images of LCU-505.

Fig. S3 Mapping of LCU-505 showing Ti (pink) and Tb (yellow).



S4 Single-crystal X-ray diffraction analysis of LCU-505.
SCXRD data for LCU-505 was carried out on a Mercury single crystal diffractometer equipped 
with graphite-monochromatic Ga Ka radiation (λ=1.3405 Å) at 100 K. All absorption correction 
was applied using multi-scan technique. The crystal structure of LCU-505 was solved by the 
direct method and refined through full-matrix least-squares techniques method on F2 using the 
SHELXTL 2018 and Olex2 crystallographic software package. Guest molecules could not be 
located in the void due to very weak diffraction. Disordered solvents, including 30 DMF 
molecules and 30 water molecules, were removed from one unit cell by the SQUEEZE process.32 
Full crystallographic data for LCU-505 has been deposited with the CCDC 2264522. 
Inspection of the data in the hkl file shows that reflections with (h+k+l = 2n) are all strong as 
would be expected for an I-lattice; the reflections with (h+k+l = 2n+1) are for the most part much 
weaker but many appear to be well determined and thus cannot be ignored. Therefore, the choice 
of space group Pm-3n may indeed be the better one, rather than Im-3m.
When solving the structure, we found ambiguous electron density cloud around the planar [Ti2Tb2] 
cluster, and two strong electron-density peaks adjacent to the assigned Ti and Tb atom, indicating 
severe disorder of the [Ti2Tb2] cluster.The [Ti2Tb2] cluster was split into two parts (part A and B) 
and refined without restraint on the occupancy, finally giving the refined occupancy value of 
0.732 for part A. The two disordered parts are perpendicular to each other and approximately 
imposed by crystallographic mirror planes (101) and (10-1).
Not unexpectedly in this disordered heavy-atom structure that there were problems with H-atom 
locations. H atoms bonded to carbon atoms were placed geometrically and no allowance was 
possible for H atoms bonded to oxygen atoms. Note that even although we could not locate the H 
atoms of coordinated water molecules, the contributions of these missing atoms are included in the 
formula in Table S2.

Table S2 Crystal data and structure refinements for LCU-505

LCU-505

Empirical formula C41.5H45.5N6.5O18TbTi

Formula weight 1130.13

Crystal system cubic

Space group Pm-3n

a/Å 25.9298(2)

b/Å 25.9298(2)

c/Å 25.9298(2)

α/° 90

β/° 90

γ/° 90



Volume/Å3 17434.0(4)

Z 12

ρcalcg/cm3 1.292

μ/mm-1 1.388

F(000) 5304.0

2θ range for data 
collection/°

3.142 to 50.03

Index ranges
-13 ≤ h ≤ 27, 
-28 ≤ k ≤ 15, 
-30 ≤ l ≤ 15

GoF on F2 1.250

Final R indexes [I> =2σ (I)]
R1 = 0.1114, 
wR2 = 0.3084

Final R indexes [all data]
R1 = 0.1375, 
wR2 = 0.3339

Fig. S4 The disorder of the Ti2Tb2 cluster and the coordination environment around 8-c cluster. 
Symm. Code:  #1 = -x+1, -y, z;  #2 = x, -y, 1-z.



Fig. S5 (a) Topological structure of the (3,8)-connected cubic network. (b) Topological structure 
of the interpenetrated networks. 

Fig. S6 Distances of N1···N1 (symm. code: x, y, 1-z) (5.7 Å) and H3 (symm. code: x, y+1, z-
1)···H7 (symm. code: x, y, 1-z) ( 5.6 Å) on the cage.

S5 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis.
Table S3 ICP analysis results of LCU-505

LCU-505 Tb wt % Ti wt% Tb:Ti (mol/mol)
1 14.72 % 4.51 % 0.98:1
2 14.65 % 4.47 % 0.99:1
3 14.56 % 4.32 % 1.02:1

average 14.64 % 4.43 % 1:1

S6 The PXRD patterns of LCU-505. 

Fig. S7 The PXRD patterns of LCU-505 (a) simulated. (b) as-synthesized. (c) activated left in air 
for two weeks. (d) soaked in water for one month. (e) recovered after three catalytic runs.



S7 Thermogravimetric analysis.
Thermogravimetric analysis (TGA) was performed under nitrogen atmosphere on a Netzsch STA 
449F5-QMS403C. TGA plot (black line) shows the LCU-505 loses all solvents (water, DMF) 
with a weight loss of 22.1 % before 310 °C. Then, with clear plateau, it started to decompose.

Fig. S8 TGA plot of as-synthsized LCU-505.

S8 LCU-505 Pore size distribution. 
N2 and CO2 adsorption isotherms were measured on a Micromeritics ASAP 2460 system. The 
sample were degassed at 150 °C for 12 h prior to the measurements. The specific surface area was 
calculated from the data in the adsorption branch at p/p0 = 0.05-0.30. The total pore volume was 
calculated from the uptake at p/p0 of 0.995. CO2 adsorption isotherms was recorded at 273 and 
298 K. Pore size distribution was analysed by using the solid density functional theory (NLDFT) 
for the adsorption branch assuming a cylindrical pore model.

Fig. S9 LCU-505 adsorption curve and pore size distribution.

S9 Isosteric heat of CO2 adsorption (Qst).
The adsorption heat (Qst) of hydrogen for the desolvated LCU-505 is fitted by Virial method 
using the data obtained from 273 K and 298 K with the following Equation: 

N: adsorbed quantity (mg/g);
P: pressure (mmHg);
T: temperature (K);



ai, bj: constant;
R: 8.314 J·mol-1·K-1;
The isosteric enthalpy of adsorption (Qst):

Fig. S10 Nonlinear curve fitting of CO2 sorption isotherms for LCU-505 at 273 K and 298 K.

Table S4 Fit curve equation and factor. 
Value Standard Error

a0* -2052.06378 3.612
a1* 282.08312 7.66815
a2* -70.47062 5.05948
a3* 4.36563 3.89753
a4* -0.54681 1.53172
a5* 0.03094 0.21701
b0* 12.39692 0.01251
b1* -0.64776 0.02635
b2* 0.18791 0.01202

273K

k 273 0
a0* -2052.06378 3.61267
a1* 282.08312 7.66815
a2* -70.47062 5.05948
a3* 4.36563 3.89753
a4* -0.54681 1.53172
a5* 0.03094 0.21701
b0* 12.39692 0.01251
b1* -0.64776 0.02635
b2* 0.18791 0.01202

298K

k 298 0

Isosteric heat of CO2 adsorption (Qst) was calculated by using the viral equation based on the 
isotherms at 273 K and 298 K.



Fig. S11 Isosteric heat of adsorption (Qst) calculated by the viral method.

S10 Time-dependent photocurrent curve under the visible light radiation.
Photocurrent-time plots of LCU-505 were recorded on a CHI660E electrochemistry workstation 
equipped with a three-elcetrode setup. A Pt wire, a Ag/AgCl electrode, and a sample-coated ITO 
were used as the auxiliary, reference, and working electrodes respectively. For the preparation of 
the working electrode, 4.0 mg of powdered LCU-505 was dispersed in a mixed ethanol/Nafion 
solution, followed by an ultrasonic treatment. Next, this slurry was dropped onto a pre-polished 
ITO substrate and died at room temperature. The electrolyte was 0.1 M KCl aqueous solution. A 
300 W Xe lamp with a 420 nm filter was used as the simulated visible light.

S11 The VB-XPS of LCU-505.

Fig. S12 The VB-XPS of LCU-505.

S12 Band structure and DOS of LCU-505.
The electronic structures of the LCU-505 were calculated by density functional theory (DFT) 
encoded in the Vienna ab initio simulation package (VASP). Perdew-Burke-Ernzerhof (PBE) 
functional in the generalized gradient approximation (GGA) was adopted to describe the 
exchange-correlation energy. The kinetic energy cutoff of 500 eV and the Monkhorst-Pack k-point 
sampling of 2 × 2 × 2 were elected to perform numerical integration in the Brillouin zone. We use 
LSDA+ U method for the 4f states due to the strong correlation of rare earth elements.



Fig. S13 DFT calculated band structures for LCU-505 and their derivatives.

S13 The photocatalytic oxidation performances of LCU-505 towards organic dyes.
The photocatalyst sample (20 mg) and different types of dye aqueous solution (10 mg·L-1, 50 mL) 
were placed in a photoreactor. To reach the adsorption-desorption equilibrium, the mixutre was 
stirred for half an hour in the dark. Then, the solution was exposed to a 400 W metal halide lamp 
placed at a distance of 12 cm in air. An equal amount (2.5 mL) of the solution was removed from 
the photoreactor at predetermined intervals and centrifuged. The residual dye concentration in the 
supernatant was determined by UV-vis spectrophotometer. During recycle experiments, the 
catalyst was easily retrieved by centrifuge and reused in next run.
Table S5 The of dye molecule size of methylene blue (MB) and methylene blue (MLB)

Dye Structure Charge Dimensions(Å) 3D molecular structure

methyl blue

 (MB)  

-2 25.38×15.88×9.62

methylene blue 

(MLB)

+1 15.68×7.87×4.02

The calculated dye molecule size is larger than the pore size of LCU-505. Therefore, the 



degradation of dye molecules such as methyl blue and methylene blue should take place on 
the surface of Ti-MOF.

S14 The UV-vis absorption spectra of the photocatalytic process.

Figure S14. The UV-vis absorption spectra of MB (a), MLB (b) recorded at various times 
during the photocatalytic process, the photocatalytic oxidation performances of LCU-505 
towards MB (c), MLB (d) under different catalyst loading and light illumination.

Table S6 The MOFs related to the catalytic degradation of methylene blue (MLB).
MOF Dye Studied conditions Catalytic (%) Ref

MIL-53 MLB 20 min, UV–vis light, H2O2 99 % 33

HPU-3 MLB 60 min, H2O2 97.2 % 34

Mn(dmtdc) MLB 70 min, UV light 90.8 % 35

[Cu (OH) Cl (itp) 

(bdc) ](NO ) (OH)

MLB 90 min, H2O2 ,

300 W Xe

92.5 % 36

ZIF-8 MLB 120 min, 500 W Hg 83.2 % 37

Cd-TCAA MLB 171 min, 500 W Xe 81 % 38

Zr-MOFs-PUF MLB 50 h, pH = 9, 25 °C 97.57 % 39

LCU-505 MLB 100 min, 300 W Xe complete This work

MOF-74(Zn)-Ti 

MOF-74(Mg)-Ti

MLB 3min, 300 W Xe 98 % 40

[Me2NH2][Sr2(TCPP)

(OAc)(H2O)]·2DMA

MLB 22 min, DMA, O2

300 W Xe

99 % 41

NTU-9(Ti) MLB/

RB

20/80 min complete 2

Notes: MLB = methylene blue

https://www.sciencedirect.com/topics/chemistry/light-irradiation


Figure S15. The reusability on LCU-505 for photo-degradation of MB under under the alternate 
visible light radiation (λ > 420 nm).

S15 Fourier-Transform infrared spectrum.

Figure S16 The FT-IR spectrum of LCU-505 as-synthesized and after three catalytic runs.

S16 EPR spectra of the solid LCU-505.
The ESR measurements of LCU-505 solids before and after irradiation were carried out at 
X-band frequency (9.8 GHz) at 298 K. 

Figure S17. EPR spectra of the LCU-505 before and after irradiation (Xe 300W, 5 min) at 298 K.

EPR of the non-Kramers ion Tb3+ (4f8, 7F6) has been observed only below 30 K.42-44 In 
contrast, EPR of Tb4+ (4f7, 8S7/2) consists of hyperfine signals at liquid helium temperature 
and can be observed even at room temperature.44,45

Here, in order to detect both valence states of terbium (Tb3+ and Tb4+), the ESR 



measurements of LCU-505 solids before and after irradiation were carried out at X-band 
frequency (9.8 GHz) at 298 K (S 16). ESR spectra at 298 K are shown in Fig. S17. LCU-
505 before irradiation (in the dark) is ESR silent, as explained above. In contrast, LCU-505 
after visible-light irradiation is ESR active and two new ESR signals appears in the 
spectrum. The ESR signal at g = 2.0 can be ascribed to hole (h+) centers caused by 
electron-hole separation under irradiation.46 The ESR signal at g = 5.0 is assigned to Tb4+ 
ions. This result is also consistent with ESR feature of Tb4+ in glasses at room 
temperature.44 
The ESR results indicates the generation of photo-induced Tb4+ ions. It has been reported 
by Li and coworkers that the formation of Tb4+/Tb3+ can enhance photo-activity of a 
Tb2O3/g-C3N4 composite photocatalyst.47 Similarly, the in-built redox centers of Tb4+/Tb3+ 

in LCU-505 might facilitate the separation of charge carriers and offer a new path to 
produce more hydroxyl radicals (•OH) to improve the photocatalytic property. The 
Tb4+/Tb3+ involved photo-degradation reaction can be described as follows:
Tb3+ + h+ → Tb4+

Tb4+ +OHˉ → Tb3+ + •OH
•OH + dye → product

S17 The involved photo-degradation reactions.
Eq. S1 LCU-505 + hv → eˉ + h+

Eq. S2 O2 + eˉ → •O2ˉ
Eq. S3 •O2ˉ + eˉ + 2H+ → 2•OH
Eq. S4 h+ + OHˉ → •OH
Eq. S5 h+ + Tb3+ → Tb4+

Eq. S6 Tb4+ + OHˉ → •OH + Tb3+

Eq. S7 h+ + dye → product
Eq. S8 •O2ˉ + dye → product
Eq. S9 •OH + dye → product
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